Introduction
Deleted in Colorectal Cancer (DCC) was originally identi®ed by virtue of its high frequency of deletion in colon carcinoma. The DCC gene was mapped to chromosome 18q21.2 and isolated by positional cloning (Fearon et al., 1990; Cho et al., 1994) . Deduced amino acid sequence shows a high homology with the neural cell adhesion molecule (N-CAM) and other related cell surface glycoproteins of the Ig superfamily (Fearon et al., 1990; Cho et al., 1994) . Frequent loss of heterozygosity at the DCC locus and loss of DCC expression have been observed in human colon (Fearon et al., 1990; Thiagalingam et al., 1996) and prostate carcinomas (Gao et al., 1993) as well as in pancreatic, gastric, esophageal, bladder, breast, head and neck carcinomas and male germ cell tumors, neuroblastoma, glioma, hematologic malignancy (Fearon, 1996, references therein) . These results suggest that inactivation of the DCC gene may be involved in the development of human cancers. However, the biological function of DCC is still largely unknown.
Recently, the tumor suppressor gene Deleted in Pancreatic Cancer (DPC4 or smad4) has been cloned and shown to play an important role in TGF-b signaling. The DPC4 (smad4) gene is located in close proximity to the DCC locus on chromosome 18q. Because of this close proximity and the uncertainty of DCC function, there was a question whether DPC4 rather than DCC is the tumor suppressor gene that is inactivated in colon carcinoma cells. In order to address this question, the loss of heterozygosity at 18q has been re-evaluated in colon tumor samples (Thiagalingam et al., 1996) . The results suggest that the DCC, but not the DPC4, is the most frequently altered gene on chromosome 18q13. 3-21.3 . In this study, we found that forced DCC expression induces apoptosis or cell cycle arrest, providing a potential mechanism of DCC action.
Results and discussion
In order to determine the function of DCC, human DCC cDNA was expressed in colon DLD-1 and prostate DU145, PC-3 carcinoma cells by recombinant adenovirus infection. Mock and control adenovirusinfected DLD-1, DU145 and PC-3 cells did not express a detectable level of DCC, whereas the 180 kD DCC protein was easily detected in DCC adenovirus-infected cells (Figure 1a) . Expression of DCC rapidly induced apoptosis of DLD-1 and DU145 but not PC-3 cells. DNA fragmentation could be seen within 24 h of DCC expression in DLD-1 and DU145 cells (Figure 1b) . DNA fragmentation was also evident by¯ow cytometry analysis of DNA content. At 48 h postinfection, mock and control adenovirus-infected DU145 cells had a similar G1, S and G2/M phase distribution, whereas DCC adenovirus-infected DU145 cells had a large population of cells with DNA contents smaller than G1 phase cells (Figure 1c ), a characteristic of apoptotic cells. DCC protein expression in DU145 cells was detectable at 12 h and reached a plateau approximately 30 h postinfection (Figure 2a ). Apoptotic cells could be seen starting at 18 h postinfection and more than 90% of cells were apoptotic and¯oated at 48 h postinfection (Figure 2b ). The morphological appearance of apoptotic cells coincided with the cleavage of poly (ADPribose) polymerase (Figure 2c ). It has been demonstrated that proteolytic cleavage of PARP by caspases is a widespread phenomenon in cells undergoing apoptosis (Kaufman et al., 1993; Lazebnik et al., 1994; Nicholson et al., 1995; Tewari et al., 1995) . Similar kinetics of DCC-induced programmed cell death was observed in DLD-1 cells (data not shown).
Our results indicate that the DCC-induced apoptosis is a rapid process, likely involving the activation of caspases. A loss of DCC expression is a common feature in many cancer cells. However, the levels of DCC mRNA and protein are usually very low in normal tissues, to the point that they are hardly detectable by Northern and Western blotting. Immunostaining of human colon tissue indicates that DCC is expressed only in the fully dierentiated epithelial secretory cells, the goblet cells, and in late-stage adenomas and in nonmucinous carcinoma, DCC expression is lost (Hedrick et al., 1992) . In order to compare the level of DCC expression in our experimental system to that in vivo, human colon carcinoma DLD-1 cells were infected with AdDCC or d1312. The cells were collected at 18 h post-infection. Cell samples as well as human intestinal tissue sections were simultaneously used for immunostaining of the DCC protein. The secretory cells of intestinal tissue and AdDCC-infected cell culture gave strong DCC staining (Figure 3a) . The intensity of DCC protein staining was quanti®ed by optical densitometry ( Figure  3b ). The mean value for the negative control sample was 64, for secretory cells 294 and for AdDCC-infected DLD-1 cells 259. These results indicate that, under our experimental condition, adenoviral mediated expression of DCC in culture results in a level of the DCC protein, which is comparable to that in human 1610 6 ) were seeded in 100-mm culture dish each containing a coverslip. Next day, cells were mock-infected or infected with dl312 and AdDCC at MOI 5 in 2 ml culture medium for 1 h at 378C with shaking every 10 min. Three ml medium were added after infection. Cells were collected at 6 h intervals for a period of 48 h for Western detection of DCC and b-actin protein (a), at which point cell morphology was monitored by light microscopy (b; phase contrast photos). Cells attached to the coverslip were ®xed and used for DAPI staining (b;¯uorescent photos). Cell samples collected in the experiment A were also used for the analysis of PARP cleavage. The 116 kD PARP protein and the 85 kD apoptosis-related cleavage fragment were detected by Western blotting (c) intestinal secretory cells. It is well known that the fully dierentiated epithelial cells of the GI tract have a rapid turnover rate, i.e. cells die within 2 ± 3 days. Therefore, it is possible that DCC is only expressed to a high level during the dierentiation of basal epithelial cells to secretory cells, resulting in rapid cell death. Thus DCC may function as an apoptosis inducer in human tissue.
It is known that some members of the Bcl-2 gene family can inhibit or delay apoptosis stimulated by a variety of signals (White, 1996; Oltvai and Korsmeyer, 1994; Boise et al., 1993) . To determine whether expression of Bcl-2 or Bcl-xL can inhibit DCCinduced apoptosis, SHEP-1 cell, an epitheloid subclone of the human neuroblastoma line SK-N-SH, and SHEP-1 clones expressing Bcl-2 or Bcl-xL were infected with control adenovirus, DCC adenovirus or mock-infected. Programmed cell death was determined at dierent time points by cell morphology and DNA fragmentation assay. Forced DCC expression induced apoptosis of SHEP-1 cell and clones expressing Bcl-2 or Bcl-xL (data not shown). This result suggests the possibility that Bcl-2 or Bcl-xL may not be able to block DCC-induced programmed cell death. To con®rm this observation, DU145 and DLD-1 cells were transfected with a Bcl-2 expression vector (pcDNA Bcl-2-¯ag) and control vector (pcDNA3). Pooled populations as well as individual colonies of Neo and Bcl-2 were obtained. No Bcl-2-¯ag epitope were detected in pooled Neo populations of DU145 and DLD-1 cells (Figure 4a ). However, the Bcl-2-¯ag protein was easily detectable in pooled Bcl-2 populations and individual colonies of DU145 and DLD-1 cells ( Figure 4a ). No endogenous Bcl-2 protein was detected in DU145 cells (Figure 4a ), a result similar to that described by another group (Haldar et al., 1996) . Endogenous Bcl-2 protein, at a lower molecular weight than that of the transfected Bcl-2-¯ag protein, was seen (Figure 4b ), indicating that the transfected Bcl-2 protein is functional. However, the functional Bcl-2 expression did not protect DU145 and DLD-1 cells from apoptosis induced by DCC (Figure 4b ). PARP cleavage could be seen in the pooled Neo or Bcl-2 populations as well as individual Bcl-2 colonies of DU145 and DLD-1 cells (Figure 4c ). Nevertheless, Bcl-2 expression reduced the ratio of the cleaved 85 kD to the intact 116 kD PARP (Figure 4c ). These results suggest that the DCC-induced apoptosis process cannot be blocked, but may be slightly slowed down by Bcl-2.
To determine whether induction of apoptosis by DCC is a general phenomenon, we studied a total of twenty-two cell lines. These included three prostate carcinoma, one colon carcinoma, four breast carcinoma, three neuroblastoma, three osteosarcoma, one cervical carcinoma, ®ve bladder carcinoma cell lines and one immortal breast epithelial and one immortal keratinocyte cell line. DCC expression induced either apoptosis or cell cycle arrest in all cell lines studied. The cells, based on their response to DCC, can be categorized into three groups: (a) rapid induction of apoptosis, (b) irreversible cell cycle arrest followed by apoptosis and (c) transient cell cycle arrest.
The DCC gene encodes a cell surface receptor of the Ig superfamily (Fearon et al., 1990) . Molecules of the Ig family can mediate cell-cell and cell-matrix interactions through a homotypic (i.e. receptor interacts with the same receptor) or a heterotypic fashion (i.e. receptor interact with a ligand or another receptor). So far, no homotypic interaction of DCC has been con®rmed. However, it has been shown that DCC is a candidate component of the receptor for netrin-1 (Keino-Masu et al., 1996; Chan et al., 1996; Kolodziej et al., 1996) . Therefore, we also evaluated whether netrin-1 can stimulate or inhibit DCC-induced apoptosis. DU145 cells were infected with control, DCC adenovirus or mock infected in the absence or presence of netrin-1 protein. The kinetics of apoptosis was monitored by DNA fragmentation and microscopy. Our results indicate that exogenous netrin-1 protein has no eect on the DCC-induced apoptosis (data not shown). However, it was not clear whether all of DCC receptors were occupied by the netrin-1 protein under our experimental conditions. Cell surface receptors usually transduce their signal through the cytoplasmic domain. To address the role of the cytoplasmic domain of DCC in inducing apoptosis, we generated recombinant adenovirus of a DCC mutant that lacks its cytoplasmic domain ( Figure  5a ). Successful expression of the mutant DCC was con®rmed by Western ( Figure 5b) . Next, we determined the ability of this DCC mutant to induce apoptosis. We found that the wild-type DCC but not the mutant induced apoptosis, activated caspase-3 (Figure 5c and d) . Our results demonstrate that the cytoplasmic domain is required for DCC to induce apoptosis, and con®rm the involvement of caspase-3 in DCC-induced apoptosis.
As mentioned earlier, DCC expression did not induce apoptosis of PC-3 cells. Instead, DCC expression resulted in PC-3 cells with a¯attened, enlarged morphology resembling G1 arrested cells. To determine whether DCC expression induces cell cycle arrest in some cell lines, human prostate carcinoma PC-3, osteosarcoma HOS and breast carcinoma MCF-7 cells were infected with the AdDCC adenovirus, Figure 4 Eect of Bcl-2 on DCC-induced apoptosis. DLD-1 and DU145 cells were transfected with pcDNA3 or pcDNA Bcl-2-¯ag vector and selected with G418. Pooled population as well as individual clones were obtained. Expression of the Bcl-2-¯ag protein was determined by Western blotting using anti-¯ag and anti-Bcl-2 antibodies (a). Neo R and Bcl-2 expressing DU145 and DLD-1 cells were mock infected, infected with d1312, AdDCC at MOI 5 or treated with 300 mM (DU145) or 500 mM (DLD-1) of H 2 O 2 . Cell morphology was monitored at 48 h post-treatment (b). Cells infected with d1312 and AdDCC were lysed and used for Western detection of PARP cleavage (c). No: mock treated. Neo-pp: pooled population of G418 resistant clones. Bcl-2-pp: pooled population of Bcl-2-transfected clones. Bcl-2-1: clone number 1 of Bcl-2-transfected cells AdCMV and dl312 control adenovirus or mockinfected. Samples were collected 72 h post-infection and used for cell cycle distribution analysis by¯ow cytometry. Mock and control adenovirus-infected cells had a similar G1, S and G2/M phase distribution, whereas DCC adenovirus-infected cells were arrested at the G2/M phase (Figure 6a ). The G2/M population increased by more than twofold at 72 h post-infection of AdDCC in the asynchronized culture of PC-3, HOS and MCF-7 cells (Figure 6b ) and cells were growth arrested (Figure 6c ). Our data indicate that DCC expression induces a rapid G2/M cell cycle arrest in some cell lines.
Due to the nature of¯ow cytometry, we were uncertain whether DCC expression arrested cells at the G2 or the prophase, metaphase, anaphase or telophase of the cell division. To dierentiate between these possibilities, PC-3 cells were infected with AdDCC, dl312 control adenovirus or mock-infected. Cells were ®xed 72 h post-infection and used for immunocytochemistry analysis using an anti-DCC antibody. DCC expressing cells had a¯atter morphology (Figure 7a ) compared to the dl312 control- (Figure 7b ) or mockinfected cells (data not shown). Cell nuclei were stained with DAPI. The nuclei of DCC expressing cells had an intact nuclear membrane and slightly condensed chromatin (Figure 7b and insert), a characteristic of early prophase cells. These results suggest that DCC expressing cells were arrested at the later G2/early prophase of mitosis. Three groups of molecules, i.e. cyclins, cyclin-dependent kinases and cyclin-dependent kinase inhibitors, have been identi®ed and they are the key molecules in controlling cell cycle progression (Hunter and Pines, 1994) . All the inhibitors identi®ed so far are primarily involved in G1 control. Cdk4 and Cdk6, in association with cyclin D, are important in G1 progression. Cdk2, in association with cyclin E or cyclin A, is critical for G1 to S transition and S phase progression. Cdk1 (also known as Cdc2) in association with cyclin B is required for cell mitosis (Nurse, 1994; King et al., 1994; Dunphy, 1994) . The prophase cell cycle arrest by DCC may be due to an inhibition of Cdk1 activity. Therefore, Cdk1 kinase activity was compared in AdDCC-, control adenovirus-and mockinfected cells. Indeed, we found that DCC expression inhibited the Cdk1 kinase activity (Figure 7i) .
DCC was suggested as a tumor suppressor. Recently, the mouse homologue of DCC has been ) were infected with AdDCC, AdDcyto at MOI 5 or mock infected. Samples were collected at 24 h post-infection and used for western detection of the active form of the caspase-3 protein. (d) samples from C were used for caspase-3 activity assay (bars) using a CPP32 colorimetric assay kit (Clontech). Caspase-3 speci®c inhibitor used was DEVD peptide. RLU stands for relative light unit. Bar represents standard deviations knocked out (Fazeli et al., 1997) . Mice homozygous for the Dcc 7 died within 24 h after birth, and showed defects in axonal projections. No alterations in growth, dierentiation, morphogenesis or tumorigenesis of intestine were observed in both homozygous and heterozygous mice as well as in Dcc
chimeras. These results fail to support a tumor suppressor function for DCC. However, the lack of (2) or infected with d1312 control adenovirus (3) and AdDCC (4) at MOI 5. Samples were collected at 72 h post-infection and 500 mg of total protein were used for immunoprecipitation with anti-Cdk1 antibody, then for histone H1 phosphorylation assay. The upper panels show the phosphorylation of histone H1 by Cdk1, the lower panels show the loading of histone H1 protein. To show the speci®city of kinase activity assay, 500 mg of mock-infected PC3 protein were immunoprecipitated with anti-Cdk1 antibody in the presence of 1 mg of Cdk1 immunogen peptide (1) tumor in homozygous mice may be due to the early death of ospring. The result from heterozygous mice should be interpreted with caution. For example, heterozygous mice for BRCA1 or BRCA2 gene did not manifest defects or an increased rate of tumorigenesis (Liu et al., 1996; Hakem et al., 1996; Sharan et al., 1997) . In addition, the phenotype of a tumor suppressor gene loss in human may not be mimicked by the phenotype in mice. For instance, more than 50% of human colorectal tumors have a loss of function of the tumor suppressor gene p53. Yet, no colon tumor could be seen in p53 knockout mice (Donehower et al., 1992) . Therefore, it is still uncertain whether the DCC is a tumor suppressor gene. In fact, our data on induction of apoptosis and cell cycle arrest by DCC argue for a tumor suppressor function of DCC.
Interestingly, forced DCC expression induces programmed cell death and/or cell cycle arrest of tumor cells regardless of their p53 and Rb status, i.e. wildtype, mutant or null. The DCC protein is a cell surface receptor. So far two other cell surface receptors, Fas and TNFR1, have been shown to be capable of inducing apoptosis. The Fas/TNFR1 apoptotic signals are transduced by a cascade of molecular interactions involving TRADD, FADD and FLICE (Cleveland and Ihle, 1995; Fraser and Evan, 1996) . These molecules interface through a highly homologous region termed death domain. However, no death domain or an obvious death domain homology can be identi®ed in the cytoplasmic portion of the DCC protein. Therefore, it would be of great interest to de®ne the pathway by which DCC induces apoptosis and cell cycle arrest.
Materials and methods

Cells
Human prostate carcinoma DU145, PC-3, LNCaP cells were cultured in RPMI 1640 with 5% FBS, colon carcinoma DLD-1 in DMEM with 5% FBS, breast carcinoma MCF7 cells in DMEM with 5% FBS, 10 mg/ml insulin, osteosarcoma HOS in RPMI 1640 with 10% FBS. Cell numbers were counted with the trypan blue exclusion method in a hematocytomer.
Western blotting
Detection of DCC, b-actin, poly (ADP-ribose) polymerase, caspase-3, Bcl-2 and the¯ag epitope were performed as described previously (Chen et al., 1995) with a monoclonal anti-DCC C-terminus antibody (PharMingen), a monoclonal anti-actin antibody (Sigma), the monoclonal C-2-10 anti-PARP antibody (Biomol), a monoclonal anti-caspase-3 (PharMingen), a monoclonal anti-Bcl-2 (DAKO) antibody and the M2 monoclonal anti-Flag antibody (Eastman Kodak).
Recombinant adenovirus
Human DCC cDNA was cloned into the shuttle vector pAdE1CMV/pA. Recombinant DCC adenovirus was generated by a homologous recombination between pAdE1CMV/ pA-DCC and the proviral vector pBHG10 in 293 cells. Once recombinant virus was formed, each viral clone was plaquepuri®ed, ampli®ed in 293 cells and characterized by genomic PCR (Kleinerman et al., 1995) . Three sets of primer were used separately. Primer set 1 (5'-CACTGAGGTGTCCA-CAGGAA-3'; 5'-GTTCAA-GGGAGGAGTCCAAC-3') was used for identifying the presence of the DCC cDNA insert. Primer set 2 (5'-TCGTTTCTCAGCAGCTGTTG-3'; 5'-CATCTGAACTCA-AAGCGTGG-3') was used for identifying the presence of viral sequences. Primer set 3 (5'-ATTACCGAAGAAATGG-CCGC-3'; 5'-CCCATTTAA-CACGCCATGCA-3') was used for examining the presence of E1 region. An absence of the E1 gene indicates that recombinant adenovirus stock is free of wild-type adenovirus contamination. AdCMV adenovirus was generated by a homologous recombination between the shuttle vector without cDNA insert and the proviral vector. The human Ad5 mutant d1312 is a replication-defective adenovirus due to the deletion of the E1 gene (Jones and Shenk, 1979) . The AdCMV and d1312 adenovirus were used as controls. To construct AdDCCDcyto, a PCR fragment that extends from a portion of the FN type III repeat to amino acid 1124 was used to replace the DCC cytoplasmic domain. The pcDNADCCDcyto plasmid was sequenced to avoid possible PCR mis-incorporation. The AdDCCDcyto was constructed with procedures described above.
DNA fragmentation assay
Cells were collected and lysed in 200 ml of cold lysis buer (20 mM Tris pH 7.4 10 mM EDTA 0.2% Triton X100) on ice for 15 min with vigorous votexing every 5 min. The lysates were spun for 10 min in at 10 000 g. Supernatants were incubated with 50 mg/ml of DNase-free RNase A at 378C for 1 h, then with 0.1 mg/ml of proteinase K, 0.1% SDS at 508C overnight. Samples were extracted with phenol and chloroform. DNA was precipitated with ethanol, washed with 70% ethanol, dried and suspended in Tris-EDTA buer. Samples were run on a 1.5% agarose gel.
Nuclear staining
Cells were washed once in 1 mg/ml DAPI-methanol, stained in the DAPI-methanol solution at 378C for 15 min, washed o the staining solution with methanol and mounted with anti-fade buer.
Immunostaining
Staining of DCC protein with peroxidase method was performed as described previously (Chen et al., 1994) . For immuno-¯uorescent staining, cells were washed with PBS, ®xed in 3.7% formaldehyde for 10 min and incubated with 0.2% BSA for 1 h to block non-speci®c binding. Samples were incubated with 20 mg/ml of anti-DCC antibody diluted in PBS-0.1% saponin for 1 h, washed with PBS, blocked with 5% normal donkey serum for 1 h and then incubated with 25 mg/ml donkey anti-mouse IgG conjugated with Texas red for 1 h. Samples were rinsed in PBS and mounted with anti-fade mounting buer containing 75 ng/ ml of DAPI. Cells were examined with Zeiss laser scan confocal microscope.
Flow cytometry
Cell cycle distribution was analysed by¯ow cytometry as described previously (Chen et al., 1995) .
Addition of netrin-1
Cells were mock-infected, or infected with dl312 or AdDCC at a MOI of ®ve in the presence of 0, 0.3 and 3 mg/ml of netrin-1 protein, respectively.
Bcl-2 expression
DU145 and DLD-1 cells were transfected with pcDNA3 or pcDNA Bcl-2-¯ag vector using lipofection method (25), and selected with 400 mg/ml and 700 mg/ml of G418, respectively. Pooled population (4100 colonies) of Neo and Bcl-2 as well as individual colonies of Neo and Bcl-2 were obtained. Successful expression of the Bcl-2 protein was con®rmed by Western blotting using anti-¯ag and anti-Bcl-2 antibodies. Functional expression of the Bcl-2 protein was determined by a protective eect of Bcl-2 on apoptosis induced by H 2 O 2 .
Cdk1 kinase assay
The activity of Cdk1 was measured by immunoprecipitation of Cdk1 with a polyclonal anti-Cdk1 antibody (Santa Cruz Biotechnology) following by H1 histone phosphorylation assay as described previously (Cipriano and Chen, 1998) .
Sequence homology analysis
Possible sequence homology between the DCC cytoplasmic region and the death domain from Reaper, Fas, TNFR1, TRADD, FADD and RIP was analysed with the LaserGene software (DNASTAR, Inc.) on a Macintosh computer.
Abbreviations Cdk, cyclin-dependent kinase; DAPI, 4', 6-Diamidine-2'-Phenylindole Dihydrochloride; DMEM, Dulbecco modi®ed minimum essential medium; EGF, epidermal growth factor; Ig, immunoglobulin; MOI, multiplicity of infection; FBS, fetal bovine serum; PARP, poly (ADP-ribose) polymerase.
